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SUMMARY

A systematie stwdy of induced pressures on a series
of bodies of revolution with varying nose bluniness
has been made by using the method of characteristics
Jor a perfect gas. The fluid mediums investigated
were air and heltum and the Mach number range
was from 5 to 40. A study of representative shock
shapes was also made. Flow parameters obtained
Srom the blast-wave analogy gave good correlations of
induced pressures and shock shapes. The induced-
pressure correlations yielded empirical equations for
air and helium which cover the complete range of
nose bluntness considered. (Nose fineness rativs
varied from 0.4 to 4.) Available experimental re-
sults were in good agreement with the characteristies
solutions.  DProperties connected with the concept of
kypersonic similitude enabled correlations of the
caleulations to be made with respect to nose shape,
Mach number, and ratio of specific heats.

INTRODUCTION

For very high Mach numbers, body surface pres-
sures many times free-stream pressure can exist at
large distances downstream from the nose of the
body. The importance of knowing the magnitude
of these blunt-nose indueed pressures both from a
loads standpoint and a heat-transfer standpoint
has been established in reference 1. Also, in-
duced pressures complicate the problem of measur-
ing static pressure in hypersonic wind tunnels.

The present investigation presents pressure dis-
tributions determined by the method of charac-
teristies for a series of nose shapes with long
cylindrical afterbodies.  The mnose shapes con-
sidered are ogives, cones, pointed hemispheres,
and Karman ogives; the noses have fineness ratios
of from 0.4 to 4. Air and helium are the (luid
mediums considered and are taken to be perfect

gases in the calculations.  Also included in the
investigation is a study of some representative
shock shapes. Comparisons of some available
experimental data for both air and helium are
made with the results of the present characteristic
caleulations.,

The Mach number range of 5 to 40 along with
the variety of nose shapes considered permits a
study of some of the properties involved in the
concept of hypersonie similitude. The present
caleulations are examined in the light of the
similarities (sce refs. 2 and 3, for example) that
exist at very high Mach numbers.

SYMBOLS
d diameter of ¢ylindrical afterbody
n nose-section fineness ratio, 4/d
“y nose drag coeflicient
K Liypersonic similarity parameter, A, /n
{ axial length of nose section (starting

cone effect being disregarded ; see fig.
1 for shapes A, B, and E)

M Mach number

P static pressure

Pa vertex pressure for true ogives (no
starting cone)

I Reynolds number based on diameter of
eylindrical afterbody

x distance along axis of symmetry

Ts axial distance measured from junection

of nose section and cylindrical after-
body (measured from shoulder)

y distance along axis normal to z in the
meridian plane (forms z,57 coordinate
systein, see fig, 1)

Y axis normal to z through vertex of
starting cone
v ratio of specific heats
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0 angle between local flow direction and
z-axis

U Mach angle relative to local flow direc-
tion, sin~! 1/3f

T semivertex angle of nose cone

Subscripts:

¢ nosc-cone surface conditions

D refers to shape E
© free-stream conditions

BODY SHAPES

Figure 1 presents the body shapes for which
flow fields were computed and shows the details
of the six basic nose sections. For shapes A, B,
and E a small tangent starting cone has been used
to initiate the characleristies solution; this pro-
cedure changes the vertex location (y to y” in fig.
1) of the original nose shape a slight amount and
wlso alters the flow properties which would occur
for the original nose shape in the immediate area
of the starting cone. The effect of these starting
cones upon flow properties downstream of the
starting cone should be relatively small; henee,
if the original nose shape and its x,y axes are
considered, ull flow properties downstream of the
starting cone are indicative of the flow propertics
of the original nose shape.

Shape C represents an effort to approximate a
hemisphere-cylinder by attaching a nearly sonic
cone in ront of the hemisphere.  The validity of
this type of approximation has been established
in reference 4 for the two-dimensional case. Shape
T is a minimum drag nose shape (rel. 5) and is
commonly teferred (o as the Karman ogive.
Shape F has been designed by positioning a pointed
hemisphere tangent to nose shape E at one-fourth
its length. Table T presents a summary chart of
the body shapes, Mach numbers, and ratio of
specific heats for which flow fields were computed.

COMPUTATION PROCEDURE

The stepwise numerical ealeulation of the axi-
symmetric supersonic flow ficlds about the various
body shapes was performed on the IBA 704 clec-
tronic data processing machine. The conical flow
field at the front of each shape was computed by
using the numerical technique of reference 6 for
the case of the cone of revolution with axis parallel
to the free stream. The remainder of the flow
field was computed by applying the method of

characteristies for axisymmetric rotational flow
as outlined in reference 7. (Both rotational and
irrotational calculations were made for body shape
A)

A preliminary investigation was undertaken to
determine the characteristic net size and the num-
ber of approximations per net point which would
give accurate surface pressures at large distances
downstream from the nose. For the nose shapes
and Mach number range of this paper the fol-
lowing general rules were found:

(1) The conical flow calculation should divide
the angle between the cone surface and the cone
shock into approximately 50 angular inerements.

(2) For the eorner cxpansion of shape D the
characteristic lines emanating from the corner
should be spaced at angular increments of approx-
imately 2°. (At the corner between two consecu-
tive characteristie rays, there should be a change
in the sum 8-+ p of about 2°.)

(3) In the procedure for computing characteris-
tic net points three approximations for each net
point were necessary and consistent with the net
fineness resulting from rules (1) and (2).

RESULTS AND DISCUSSION

CHARACTERISTIC SOLUTIONS FOR SURFACE PRESSURE

Figures 2 to 6 present the computed surface
pressure distributions for all the combinations
listed in table I. TFigure 2 presents the pressures
on shape A, the ogival nose with fineness ratio
n=4, at Mach numbers to 40 in air with a com-
parison between the rotational and irrotational
characteristic solution. Tt is seen that neglecting
rotationality produces significant errors for this
shape for Mach numbers about 5 and above, that
is, when the hypersonic similarity parameter K
exceeds unity. Tor blunter shapes significant
errors could arise at Maech numbers considerably
below 5. These curves of figure 2 represent an
overlap and an extension of the range of the hyper-
sonic similarity parameter given in references 8 and
9 and in this connection will be subsequently dis-
cussed in the section dealing with hypersonic
similitude. TExcept for the irrotational solutions
shown in figure 2, all other caleulations are for
the rotational case.

Figures 3 to 5 present a general picture of the
effeets of free-stream Mach number and ratio of
specific heats upon surface pressure distributions.
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TABLE I.—SUMMARY CITART OF VARIOUS COMBINATIONS COMPUTED

Nose shape Condition M, v o, deg M, PlPw
1 7/5 13. 52 1.76 1.5
2 7/5 13. 52 2, 58 1.9
Shape A {ogival nose, n=4) 3 .90 7/5 13. 52 3.92 3.2
4 .0 7/5 13. 52 5. 03 5.1
5 1 7/5 13. 52 6. 20 9. 4
6 7/5 13. 52 7.70 33
7 40 715 13. 52 8. 29 129
1 7/5 16. 05 1. 41 20
2 . 9 715 46. 05 1. 56 38
3 7/5 46. 05 1. 66 78
Shape B (ogival nose, n=1) 4 715 46. 05 1.73 310
5 75 46. 05 1.75 1, 227
6 5/3 16. 05 1. 11 98
7 5/3 46, 05 1. 16 387
1 7i5 53.2 1. 13 08
2 775 53. 2 1. 19 387
3 7/5 53. 2 1. 20 1, 537
4 .9 7/5 16, 05 1. 56 38
Shape C (pointed hemispherical 5 7/5 46. 05 1. 66 78
nosc) 6 7/5 46. 05 1.73 248
7 7/5 46. 05 1.75 1, 227
8 . 0 5/3 106. 05 1. 06 48
9 5/3 16. 05 .11 98
10 5/3 16. 05 1. 15 314
i1 5/3 46. 05 1. 16 1, 540
1 7/5 53. 1 1. 14 97
2 7/5 53.2 1.19 387
3 7/5 53. 2 1. 20 1, 537
4 .9 7/5 45 1. 64 37
Shape D (conical nose) 5 775 45 1. 74 75
6 9.9 7/5 45 1. 82 295
7 .0 5/3 45 1. 13 46
8 5/3 15 1. 19 94
9 .9 5/3 45 1. 23 208
1 .9 7/5 10. 55 111 0.1
Shape E (Karman nose, n=3) 2 715 19. 55 4. 76 18
3 7/5 19. 55 5. 43 67
1 0 715 52, 4 111 47
Shape F (blunled Karman nose) 2 7/5 53.2 1.13 98
3 20 7/5 53. 2 1.19 387

For a given shape and ratio of specific heat, it is
found that the pressure ratio p/p. varies essen-
tially as the square of the free-stream Mach num-
ber for surface regions influenced by a relatively
strong bow shock. (The square-law variation has
resulted sinee the pressure distributions of figures
3 to 5 include the hypersonic-flow regime in which

the strong portion of the bow shock is essentiully
frozen.) For cxample, consider the top two
curves in the left-hand part of figure 3. As the
free-stream Mach number is varied from 20 to 40,
it would be expected that the pressure ratio would
rise fourfold. This is secen to hold true within 10
pereent for z/d up to about 6. For the region
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Frouvre 2.—Pressure distributions for shape A (ogival nose; n=4; y=7/5) with comparison between the rotational and the
irrotational solution,

with z/d greater than about 6, the square-law
variation becomes less valid as would be antici-
pated since in this region the curve at a Mach
number of 20 is influenced by a weak portion of
the bow shock. Note that this square-law varia-
tion is equivalent to an invariance of pressure
coefficient with free-stream Mach number.

An estimation of the effect of changing the fluid
medium from air to helium can readily be as-
certained from figures 3 to 5. For the cases
shown in these figures it is found that, for the
same nose shape and Mach number, the pressure
level in bielium is about 25 pereent higher than in
air except in the vieinity ol the shoulder and for
pressure ratios of about I. Next compare the
change from air to helium for combinations D-6
and D-9 in figure 5.  Tn this case the Mach num-
ber has been changed so that the cone pressure
ralios are essentially equal. Except for a small
region just downstream ol the shoulder, the two

curves are about the same; hence, the effects of
ratio ol specific heat upon pressure distribution
can be somewhat compensated for by an appro-
priate choice of Mach number.

Shape C (fig. 4) represents an approximation to
a hemispherical nose which is suitable for calcula-
tions using the method of characleristies.  The
forward portion ol the hemisphere is replaced by
a cone with a hall-apex angle such that the cone
surface velocity is about sonic (¢=53° for air and
a=46° for helium). An indication as to the ef-
feets of this approximation is shown in figure 7.
It is seen in the induced-pressure region for x/d
greater than 3 that the change in vertex angle
from ¢=46° to ¢=>53° has resulted in a pressure
change on the order of 5 pereent,  This change is
in agreement with blast-wave theory (ref. 10) in
which it is found that induced pressure varies as
the square rtool of the nose drag coeflicient.
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Fiovre 7.—LEffect of vertex cone angle upon surface
pressures of pointed hemisphere ceylinders for air at a
Mach number of H0.

TFurthermore, blast-wave theory predicts only a
3-pereent change in induced pressure between the
pointed hemisphere eylinder (¢=53°) and a true
hemisphere cylinder.  Hence, for the case of air,
the pointed hemisphere nose with ¢=253° is a good
approximation to a true hemisphere mnose for
evaluating surface pressures for x/d greater than
3 and probably a fair approximation for most of
the region upstream of x/d=3. Likewise for the
case of helium, a consideration of nose drag coef-
ficient shows that the pointed hemisphere nose
with ¢=46° is a good approximation to a true
hemisphere nose for determining surface pressures
at «r/d greater than 3.

In connection with the above discussion about
shape O, figure 4 includes experimental pressures
(ref. 11) for a hemisphere eylinder at a Mach
number of 6.9. The shoulder of the hemisphere
cylinder has been positioned at «r/d equal to 0.70.
TFor the station r/d—=3, the difference between ex-
periment  (hemisphere nose) and characteristics
theory (pointed hemisphere nose, ¢=46°) is about
that expected beeause of the difference in inviseid
nose drag. Hence, for these pressure data it
could be concluded that viscous effects upon sur-
face pressure are relatively slight in the region of
the evlindrieal afterbody.

Figure 6 presents pressure distributions for shape
E (the Kurman ogival nose) and its blunted coun-
terpart (shape F) for air at Mach numbers to 20.

Blunting shape E has increased the pressure level
at all Mach numbers as would be expected and the
curves for a Muach number of 20 show that blunt-
ing has markedly inereased the induced pressure
on the cylindrical alterbody. Some unpublished
pressure data obtained in the Langley 11-inch
hypersonic tunnel at a Mach number of 6.9 are
seen 1o be in agreement with the characteristic
solutions shown in figure 6. Shape F, for which
experimental results were obtained, has a hemi-
sphere tangent to nosc shape K at one-fourth its
length. This is opposed to the pointed hemi-
sphere of nose shape F for which computed results
were obtained. Previously mentioned nose drag
considerations show that the above-mentioned
pressure data would be negligibly affected if the
experimental shape T were the same as the com-
puted shape F.

Figure 8 depicts the wide variation in pressure
level induced by mnose bluntness. The six basie
nose shapes are shown for air at a Mach number
of 20. Distances are measured from the shoulder.
The high induced pressures which ecan occur on
the evlindrical afterbody are the primary concern
of this investigation.

BLAST-WAVE CORRELATION OF INDUCED PRESSURES

Relerence 10 presents the eylindrical blast-wave
solution and indicates its application in estimating
the cylindrical alterbody pressures for the nose
shapes of the present investigation.  In accordance
with this reference, 1t is found that the parameter
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Fraure 8.—Tffeet of nose bluntness on afterbody pressure
level. M_=20; v=7/5,
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governing the effeet of nose bluntness upon in-
14 1

duced pressure is -‘”‘”?”«i where
x/d
drag coeflicient. TFigure 9 shows how this param-
eter correlates induced pressures over the entire
range of nose bluntness considered, namely, from
a fineness ratio of 0.4 to 4. Nose drag coefficients
have been computed by using the nose pressure
distributions given by the characteristic solutions
in figures 2 to 6. For each of the combinations
depieted, there is an r/d region extending down-
stream of the shoulder for which induced pressures
have not been shown in figure 9. The induced
pressures for these regions do not correlate ac-
cording to Lhe blast-wave analogy. Indeed,
blast-wave theory does not deal with shoulder re-
compression regions such as found for the pointed
hemisphere eylinders and the cone cylinders of
figures 4 and 5. Reference 4 presents similar
results for the shoulder regions in the two-dimen-
sional case.

As seen in figure 9 the blast-wave pressure pa-
rameter correlates the induced pressures of this

(", 1s the nose

investigation into two distinct groups, one for air
and one [for helium. TIn accordance with the
sccond-approximuation form of the pressure equa-
tion which evolves from blast-wave theory, two
equations have been fitted to these correlated char-
acteristic results. These equations for air and
helium, respectively, are:

s

pﬂho 060 }_l_ F” 1055 (1a)
2 172

ppf 0.075 “—[%(:l“—+0.55 (1b)

These cmpirical equations do not account for
induced pressures Dbelow  [ree-stream  pressure;
however, these induced pressures do scem to cor-
relate by using the blast-wave parameter. Equa-
tions (1a) and (1b) represent an empirical solution
to the induced-pressure problem wvalid at least
over the range of fineness ratio from 0.4 to 4.
Previously, it has been noted that, for the same
nose shape and Mach number, the induced-pres-
sure level in helium is about 25 percent higher
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than in air.  (This value exeluded the vicinity of
the shoulder and pressures near free-stream pres-
sure.) For any nose shape in this investigation,
the variation in the square root of the nose drag
coeflicient between air and helium is at most a few
percent.  ITence, the ratio of the coeflicients in
equations (1a) and (1b), namely 0.075/0.060,
should and does indicate the above-noted 25-per-
cent change in pressure level.

In essenece, equations (1a) and (1b) of figure 9
represent the blast-wave form of the miethod of
characteristios; that is, exeept for a shight seatter
in the correlated results of figure 9,
is naturally expected between these equations and
the characteristie solutions. Sample comparisons
between the empirical equations (1a) and (1b)

good agreement

NATIONAL AERONATUTICS AND SPACE ADMINISTRATION

figures 10 and 11 for air and helium, respectively.
As previously discussed, these blast-wave theory
curves deviate from the characteristie curves for
a region extending downstream [rom the shoulder.
An  examination of the various comparisons
depicted in figares 10 and 11 shows that agreement
between the empirieal blast-wave equations and
the characteristic solutions begins at a distance
about four mose lengths downstream of the
shoulder,

Now that general equations for induced pressure
(eqs. (1a) and (1h)) have been determined, a hody
such ag a hemisphere eylinder can be considered
on the basis of its nose «drag.  Figures 12 and 13
present a comparison of these equations with
experimental data (refs. 12 and 13) obtained from
The nose

and the characteristic solutions are shown in hemisphere eylinders in air and helium,
1,000 T T UL T
B — M y
r_.,, ethod of charocteristics
600 — ] Al — — — Second-approximation blast-wave
N theory using empirical equation (lo)
400+— -
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d
Fiatre 10.—Comparison of empirical equation (1a) with the characteristic solution, W, =40; y=7/5
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Fravre 11.—Comparison of empirical equation (1b) with the characteristic solution.

drag cocefficient for the hemisphere nose has been
taken equal to the hypersonic approximation
15(:?) The empirical  equations  of  blast-
wave theory are in agreement with the experi-
mental induced pressures.  (Reynolds numbers
were 130,000 and greater.)  As considered above,
these equations are not expected to be valid up-
stream of an a/d value of about 2% (cquivalent to
four nose Iengths downstream from the shoulder)
for the case of a hemisphere eylinder.

40 60 80 100 200
y=5/3.

SHOCK-SHAPE STUDIES
The blast-wave parameter governing shock
shape is p Cp'2. Figure 14 shows how this param-
eter correlates shock shapes over the range of
nose bluntness in this investigation.  Shock points

for b .12 less than about 1% show considerable

scatter on the log-log seale of this figure but really

1
only represent a scatter on the order of 0.105-
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Two straight lines have been faired through the
two groups of points, onc for air and one for
helium. The equations of these lines for air and
helium, respectively, are:

y_ x [ 0.46
5=0.98 ((” /(,,,) (2a)
,:?_,_ - g: 0.46
Y07 (d‘ /CD> (2b)

Equations (2a) and (2b) represent an empirical
first-approximation blast-wave solution for shock
shapes over the range of nose fineness ratio from
0.4 to 4.

The empirical power 0.46 (egs. (2a) and (2b)) is

somewhat less than % which is the theoretical
power predicted by blast-wave theory. Since only
a few shock shapes (fig. 14) were available for
helium as opposed to air, the power in equation
(2b) was kept at 0.46 as was found for cquation
(2a). Tlowever, these few helium shock shapes
did indicate a tendency to yield an cempirical
power slightly higher than for air, say 047 or
0.48. This tendencey is in agreement with findings
in reference 14 where it is indicated that blast-wave
theory should be more realistic for those gases
with the larger specific heats.

Figure 15 presents a comparison of the empirical
equations (2a) and (2b) with the characteristic
solutions for the shock shapes of several combina-
tions of nose shape, Mach number, and ratio of

Method of characteristics
— —— First-approximation blast-wave theory
using empirical equations (2a) and (2b}
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TFraurk 15.—Comparison of empirical cquations (2a) and (2b) with the characteristic solution.
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specific heats.  Even though the correlation
fairings (given by eqs. (2a) and (2b)) of figure 14
involve some scatter of shock points and represent
only a first approximation, it is seen in figure 15
that ecquations (2a) and (2b) provide a good
estimation of the characteristic solution exeept for
combination C-1. This combination is for a
free-stream Mach number of 10, and for Mach
numbers this low a second-upproximation blast-
wave solution including Mach number effect is
necessary to estimate shock shape.

z .
The use of 5 Cp7%as the shock-shape correlation
d

parameter has neglected Mach number effeets
upon shock shape sinece the nose drag coeflicient
('p is relatively Insensitive to Mach number for
Mach numbers greater than 5. Figure 16 shows
the effect of Mach number upon shock shape. It
is scen that shock-shape changes have become
relatively slight for Mach numbers of about 20
or greater. A check of all the nose shapes (n=-4
and less) of this investigation showed only small
changes in shock shape above a Mach number of
20 for r,/d up to about 10, (The flow field en-
compassed by the bow shock for these conditions
is about 40 dinmeters of body length) With
regard to this discussion, all the combinations
depicted in figure 34 are for Mach numbers of 20
or greater and yield correlation based upon the
first-approximation blust-wave solution. Figure
17 indicates good agreement between empirical
equalion (2Dh) and experimental shock data for
heliom at a free-stream Mach number ol 21,
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Fra ure 16.—Vuriation of shock shape with Mach number-
y=17/5.
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Frevre 17.-—~Comparison of empirical equation (2b) with
experiment.  y=5/3.

HYPERSONIC SIMILITUDE AS EXEMPLIFIED BY THE
CHARACTERISTIC CALCULATIONS

The results of reference 3 indicate that for very
large free-stream Mach nutibers the flow pattern
and pressure coefficients on a given body become
independent of free-stream Mach pumber. A
fundamental property of this independence is that
the density ratio across the bow shock be in-
dependent of the free-stream Mach nuniber (often
referred to as the strong shock condition). This
property means that body bluntness will bealactor
in determining the Mach number level at which
independence of Mach number will occur.

The invariance of pressure cocfficient with free-
stream Mach number has been previously men-
tioned in the general discussion of figures 3 {o 5.
The shock-shape studies (in particular, fig. 10)
have shown how the flow pattern at high Mach
numbers has tended to become independent of
Mach number. Indeed an examination of the
characteristic nets for Mach numbers greater than
about 20 showed that Muach line patterns also had
become  essentially  independent of [ree-stream
Mach number for about 40 diameters of body
Iength. Tn regard to the coneept of Mach number
independence, it might be said that first-approxi-
mation blast-wave theory applies to this flow
regime. Invariance of pressure coeflicient is [ound
in the first term of equations (1a) and (1b),
whereas constancy of shock shape is apparent in
equations (2a) and (2Dh).

References 2 and 15 propose a similarity law for
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the rotational flow about slender bodies at hyper-
sonic speeds.  This law has correlated surface
pressures for various families of bodies such as
cone cylinders and ogive cylinders.  (See refs. 8
and 9.) Figure 18 indicates the application of the
hypersonic similarity law [or the case of ogive
cylinders with values of the hypersonic similiarity
parameter K cqual to 5 and 10. There is an
expected difference between the pressure distri-
butions of shapes A and B since reference 8 shows
that nose fineness ratio should be greater than 2
for good correlation. Towever, although differ-
ences are present at the nose vertex, the agreement
has become good on the eylindrieal portion.
Nosc-vertex pressure differences at a given K
become small for ogives with fineness ratios greater
than 2. Hence indications ave that for a given K
(K on the order of 1 or greater) the pressure
distributions of shape A are wvalid for any ogive
eylinder with a nose section of fineness ratio greater
than 2.

Reference 16 presents a generalized Newtonian
theory that can be used as an aid in correlating
pressure distributions for many of the cases in this
investigation.  When the concepts presented in
this theory were considered, it was decided to

100 i T T T T 11
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Frcore 18.—Correlation of pressure distributions on ogive
cylinders by use of the parameter K. ¥=7/5.

reference surface pressure o maximum surlace
pressure in order to correlate the various nose-
shape combinations.  As will be seen in the dis-
cussion that follows, this type of correlation makes
nose shape the main variable in determining pres-
sure distribution and implies that the strong shock
condition hold.  (Note that the strong shock
condition applies to blast-wave theory.)

Figure 19 shows good correlation of the pressure
distributions for a group of ogival nose combi-
natlions. In this case pressures have been related
to the vertex pressure ol the true ogival shape of
fineness ratio n=1 or n»=4. Since the static
pressure p has been assumed to be neghgibly
affected by the starting cones for 10 percent of the
nose length and greater, the correlation distribu-
tion ol this figure should cover true ogive eylinders
ol fineness ratio 1 or greater. However, the free-
stream Mach number must be high enough that
the strong shock condition holds; hence, cach
fineness ratio will have a minimum Mach number
associated with it for this type of correlation.

Figure 20 shows that correlation on the basis of
maximum surface pressure tends to eliminate the
effecets of ratio of specific heats as implied by the
generalized Newtonian theory.  This condition
mndicates that helium pressures will also correlate
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Ficure 19.—Correlation of pressure distributions for
several ogive-cylinder combinations. y=7/5.
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Frqure 20.—-Correlation of pressure distributions in air
and helium for the ogive nose (n=1) aut & Muach number
of 20.

with the distribution of figure 19. This helium
curve has not been included in figure 19 since the
true ogive with a fineness ratio of 1 at a Mach
number of 20 in helium gives a detached bow
shock. Tnan application of generalized Newtonian
theory to the case of ogives, reference 16 shows
that p/p, on the surface of the ogive is a function
only of the percent of the nose length and is inde-
pendent of the fineness ratio. Tt is interesting to
note in figure 19 that this functional relationship
is still valid in the induced-pressure region.

An examination of equations (Ia) and (1h), the
empirical equations for evaluating induced pres-
sures, indicated that, for the case of cone eylinders,
nose fineness ratio does affect the ratio of induced
pressure Lo cone pressure. Since the two cone
shapes in this investigation had relatively small
differences in fineness ratio, both shapes are
presented in figure 21 for various Mach numbers
and tatio of specific heats. Similarly, figure 22
presents the correlation of pressure distributions
for several pointed hemisphere-cylinder combina-
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Frqure 21.—Correlation of pressure distributions for
several cone-cylinder combinations.

oo m‘j s B S S
KoY o -1~ © Combination C-3,7 = 5
@ o Combinction C-7,7 =%
2 ——ot+— . 5 H
$ & Combingtion C-il, ¥ = 3
1 +—r 5
06— — - —t— |
2 Blg [ ||| |
2, [}
ol — e —
]
Ot ] —T - e ]
I o]
006 — +— —
004 - b—
002 - — | ||
'OOIIO 20 40 60 |00 200 400 VI,OOO 2000 4,000 10,000

Longitudinal coordinate, percent nose length

Froere 22.—Correlation of pressure distributions for a
group of pointed hemisphere-cylinder combinations at
a Mach number of 40.

tions. Figures 21 and 22 show that, with the fine-
ness ratio of the basic nose shape reasonably
invariant, good correlation of induced pressures
can be obtained by relating induced pressure
to the maximum surface pressure. Pressure points
on the order of free-stream pressure veer upward
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from the main body of correlated points as illus-
trated by the end points of combination A-7 in
figure 19 and combination D=5 in figure 21. These
pressure points will not be expected to agree with
this type of correlation, since their magnitudes are
governed by relatively weak bow shock.

CONCLUSIONS

A systematic study using the method of char-
acteristics has been made to determine the large
induced pressures that can exist on a scries of
cylindrical afterbodies with varying nose blunt-
ness. The Mach number range was from 5 to 40
and the fluid mediums, air and helium, were con-
sidered perfect gases throughout the calculations.
Representative shock shapes were also investi-
gated. This study yielded the following con-
clusions:

1. The blast-wave pressure parameter was
found to correlate the induced pressures of the
characteristic solutions throughout the range of
fineness ratio considered, namely, fineness ratios
from 0.4 to 4. The induced-pressure correlations
vielded empirieal equations for air and helium of
the form given by the second-approximation
blast-wave theory.

2. The blast-wave shock-shape parameter was
found to correlate shock-shape solutions for Mach
numbers of about 20 or greater. The shock-shape
correlations yielded empirical equations of the form

given by the first-approximation blast-wave
theory.

3. The characteristic solutions (includes the
empirical blast-wave equations derived from these
solutions) and available experimental pressure and
shock-shape data were in good agreement.

4. The hypersonic similarity law for slender
bodies was found to correlate nose and alterbody
pressures for ogive cylinders (with nose fineness
ratios greater than 2) for values of the hypersonice
similarity parameter K as high as 10.

5. For the strong shock condition, nose shape
(ogives, hemispheres, cones, ete.) becomes a main
variable in determining pressure distribution.
The generalized Newtonian concept whereby sur-
face pressure is referenced to maximum surface
pressure was found to correlate not only nosc
pressures as is known but also induced pressures for
ogive cylinders for various Mach numbers, fine-
ness ratios, and fluld mediums. Also by refer-
encing to maximum pressure the induced pressures
for the two basic shapes, cone eylinders and pointed
hemisphere cylinders, were found to correlate
reasonably well for various Mach numbers and
fluid mediums.  (These two correlations are
recognized as containing fineness-ratio effects.)

T.axaLEY ResEaArRcH CENTER,
NATIONAL ABRONATTICS AND SPACE ADMINISTRATION,
LancLey Frewp, Va., May 19, 1960.
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